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Absiract. The Upper Atmosphere Rescarch Satellite (UARS) Microwave Limb Sounder
(MLS) makes measurements of thermal emission at 183.3 GHz which are used to infer the
concentration of water vapour over a pressurc range of 46hPa to 0.2hPa (~ 20km to ~
G0 km). We provide a validation of MLS 1,0 by analysing the integrity of the measurements,
by providing an crror characterization and by comparison with data from other instruments.
It is estimated that Version 3 MLS 11,0 retrievals are accurate to within 20- 25 % in the

lower stratosphere and to within 8 13% in the upper stratosphere and lower mesosphere.




The precision of a single profile is estimated to be ~ 0.15ppmy in the mid-stratosphere

and 0.2p pmvinthelower and upp er stratosphere.  in the lower mesosphere the estimate
of single profile precision 1s 0.25- 0.45 ppiv. During polar winter conditions H,0 retrievals
at 46 hPa can have asubstantial contribution from climatology. The vertical resolution of

MLS 120 retrievals is ~ 5 km.

1. Introduction

The Upper Atmosphere Rescarch Satellite (TARS) was launched 011 12 September 1991
carrying a payload to measure the chemistry, dynamics and energy balance of the middle
atmosphere [Reb er, 1990). This paper concerns the data validation of middle atmosphere
distributions of 1,0 as mecasured by the Microwave Limb Sou nder (M LS) [Barath et al.,
1995; Waiers, 1993).

The MLS instrument is a joint USA-UK experiment employing a three radiometer design,
with a 183 GHz radiometer built in thie UK that micasures H20 using the emission from the
183.3 GHz 120 Kne and Oy using the emission of the 184.4 GH z Oy line. For details of the
spectroscopy of these two lines see Waters [ 1976, 1995). This paper discusses thie ML S H20
mecasurements and their validation, concentrating onthe Version 3 MLS data files, the first
version to be made publicly available. Companion papers describe the calibration of the M1 S
instrument [Jarr wof of al., 1994],the ‘forward model’ [Read f al., paper in preparalion], and
validation of ML S C1O [ Waters ¢t al., 199/], Os [Iroidevaur et al., 1994] and temperature
and tangent-point pressure [Fishbein et al. | 1994). Froidevaua ¢t al. [ 1994] give a description
of the general algorithms used for retrieving parameters from the calibrated ML S radianices.

It the following sections we provide validation of MLS 11,0 data by discussing data



’

cessing and the imtegrity of th ¢ radiances used in the retrieval process, by performing an
xror analysis and by making comparisons between MLS HoO and other measurements. On
the basis of {hese studies we provide estimates of the accuracy and precision of MLS H,0

data. We also discuss outstanding issues and further work associated with this datasct.

2. MLS Version 3 Data Processing

The output of the 183 GHzradiorncter is down-converted through an Intermediate Fre-
quency (1) stage into a 15 channel, 500" Mllz wide filter-)allk, centredonthel183.3 Gllz
line. The measured radiances include the contributions of a primary sideband and an im-
age sidchand [Jarnot ¢t al., 1994]. From the intensity and spectral characteristics of this
cmission and its variation as the ML'S field of view (FOV) is scanmed vert jcally across the
atmospheric limb, profiles of 11,0 arcinferred. The width of the MLS FOV hall-power
points is 3.7kminthe vertical and7.2 km in the horizontal. The horizontal resolution along
the hine of sight (perpendicular to the UARS velocity vector) is ~ 400 km, sct by the physics
of radiative {ransfer.

The measurement latitudinal coverage is from 340 onone side of the equator to 80°on
the other. UARS yaws around at ~ 36 day intervals (a ‘UARS month’), when MLS high
latitude coverage switches from one hemisphiere to the other. Within cach UARS month,
the UARS orbit p recesses slowly with respect to Jocal solar time, so that tile measurem ents
sweep through all local solar times during a UARS month, coming ~ 20 minutes carlier cach
day at a fixed latitude.

The UARS project has defined four levels of data (Level 0 — Level 3) which represent

the data flow I’ oil) raw telemetry data, Level o, to fields of geophysica parameters on




stanidard grids, Levels 3AT, 3 Al and 3B. UARS Level 1 data consist of cali hrated radiances

for cach channel, their measurement precisions, and related instrument data. The MLS
radiance values are expressed as brightness temperatures in units of degrees Kelvin and
have a random uncertainty associated with them. UARS Level 2 data consist of geophysical
paramcters, and numerous diagnostics. The UARS Level 2 data are on a grid chosen by
cach instrument team. MLS Level 2 data consist of vertical profiles (the vertical coordinate
being - logio{p), p being pressure in hl%a) of geophysical parameters which have a spatial
and temporal location associated with them. The retrieval algorithm used to derive 1, evel
92 data is based on a combination of a priori and measurement information [Rodgers, 1976;
Froidevauzr ¢l al., 1994] and makes use of the forward model, developed by Read ¢t al. [paper
in preparation], Lo caleulate the influence functions (also known as weighting functions). It
is clear that the integrity of the Level 2 and Level 3 data is very dependent on the integrity of
the Level 1 radiances and considerable effort has been expended in assessing the robustness
of these radiances [inter alia Jarnot ¢l al., 199/]. More details will be provided in section
§31)(' LOW.

UARS Level 3AT data are geophysical parameters gridded cach 69. 536 s time interval
onto pressure Sill’fam p,, where p,, = 1000 % 1075 hPa (n=0, . ... 42 (which would
correspond 1o a constant height spacing of 2.7km in an isothermal atmosphere with a
constant pressure scale-height of 7kin). lach day contains 1318 or 1319 profiles. The MLS
Level AT retrieved water vapour volume mixing ratio profile is represented as a piccewise-
lincar function with breakpoints at allernate, even numbered, UARS pressure gyrfaces, c.g.
at 10, 4.6,2.2and 1 hPa. (The M 1,S Level 2 retrieved profiles are siinilarly represented.)

The water vapour mixing ratios on the even-numbered surfaces are the retrieved breakpoint




‘ 1es, while those on the odd-numbered surfaces, c.g. 6.8, 3.2 and1.5hPa, arc averages

of the mixing ratios on adjacent even-nur nhered surfaces.  This means that the vertical
resolution of Level 3AT 11,0 profiles imposed by this representation corresponds 1o a height
resolution of ~ 5.4 km, Level 3A], dataarce like 3AT data except gridded every 4% 1n latitude
and temporal information is lost. There are generally only about 2/3 the number of Level
3AT profiles in a Level 3AL file, namely close to 840 profiles. The Level 3B data comprise
globally mapped representations of 3A], data.

Retrievals of MLS data arc constrained with a priori information, with the result that,
where there is poor information content in the Ml S measurements, the retrieved values and
their associated uncertainties relax tothe a priori values. Consequently, it is important for
thie retrieval algorithm to have rcasonable a priori inputs (values and crror information) so
that they do not over-constrain or under-constrain the solution,

i the case of MLS, the @ prioriinputs (or ‘climatology’) are based 011 a month-dependent
climatology developed by thie UARS science team [infer alia MA 11 Handbook 31,1989]. The
UARSH,O climatology [Remsberg et al., 1990 consists mainly of monthly zonal mmcans from
the Limb Infrared Monitor of the Stratosphere (LIMS) [Russcll et al., 1984] for scven months
(November M ay), 100 1Pa to 1.5 hPa and 56°S to 84 °N, From 1.5 h1’a to 0.5 hPa, radiance
averaged profiles from 1. MS data are used. Besides the LIMS data, ground-based microwave
data [sce, for example, Bevilacqua of al., 1985, 1987; Tsou el d ., 1988 arc used in the
mesosphere for pressures of 0.5 [ll)ato 0.01 II'ii. The 11,0 UARS climatology was extended
to the whole of the ycar by assuming hemispheric symmetry in the seasons. Iixtensions
where UARS climatology is unavailable make use of default values which were constructed

from the Caltech /JPL photochemical model for a Inid-latitude cquinox day. A diagonal e




priort error covariance malrix is used. In the stratosphere the assumed a priori uncertainly
is sct o 2 pp mv. By comparison, the standard deviation about the zonal mean of typical
L1 MS H20 profiles for May and October tends to be less than 1 ppinv throughout most o f
the stratosphere [Remsberg of al., 1990). This strongly suggests that an a priori error of
2 ppm v for M LS 1,0 retrievals il the stratosphereis large and is unlikely to overconistrain
the solution to the input climatology. Tests with significantly larger a priori errors gave
results which were negligibly diflerent from the stand ard retrievals within the useful vertical
range of the data.

Theuncertainty, o, associated with cachiretrieved 11,0 profile is computed by the re-
tricval algorithir and is stored along with the retrieved value in the Level 2 and Level 3 files
as a quality ind cater. This uncertainty, which includes contributions from random noisc
and from certain systematic errors, is obtainied by propagating the precisions of the radiance
measurements (a Level 1 product), the estimates of uncertainties in the constrained params-
cters and the estimates of inaccuracies inthe forward modelthrough thie retrieval software.
A morc detailed discussion]] of theerrors associated with Version 3 MLS 1,0 retrievals is
presented 1in sections § 3 and 4.

At the conclusion of the retrieval, theratio of the estimated uncertainty toits a priori
counterpart is formal. Thisratio is sometimes termed the ‘error ratio’. When this ratio
exceeds 0.5 (i.e. the retrieved mixing ratio has a contribution from the climatology which
exceeds 25 %) the quality is set negative to flag t1he dependence of the retrieval on the
climatology. Typically, for every profile, this tendsto occur at or above the ().()46 1Pa
retrim’al leveland below 46 hPa. However, at high latitudes in winter, the ratio can exceed

().5 at 46 hPa and at 22 hPa (sce section §6).



Animportant feature of the UARS MLS experiment is that it measures Oz at two dif-
ferent frequencies (1 84.4 Glzand 206.1 Gllz) using two different radiometers (183 Gllzand
205 GHz). Inregions of the atimosphere where hoth measurements are sensitive to changes
i constituent amount, the avail ability of two independent Oz measurements means that
intra-M LS comparisons can be carried out and, for example, the consistency of the calibra-
tion of the 183 GHzand 205 Gllz radiomcters can be Cllc.eked. The Version 3 algorithms
contain an adjustment to the pointing angle of the 183 Gz radiometer field of view (1FOV),
based on a comparison between the two ozone retrievals and in-flight calibration involving
sca ns across the disk of the moon[Freidevaur ¢t al., 1994). This has had an impact on the
MLS 11,0 distribution, namely a red uction of ~ 5% in retrieved stratospheric values by
comparison with Version 2retricvals.

The MLS radiances can contain an offset, or bascline, which is caused by a variety of
¢ flects such as insufliciently accurate modelling of the sidelobes of the antenna FOV. It doces
not depend on frequency, but Call change fromone tangent height to the next. The baseline
is ha ndled by retrieving it along with the water vapour. The a priori value of the bascline
is takento be the retrieved value for the tarigent height above the one being retrieved. The
a priori uncertainty for the baseline is 3 K. Above 40 km, where there should he little or
no signal in the wing channels, the baseline canbe retrieved very accurately. It usually
hasavalue Of about 2 Kat 80 kmdropping to 1.51< at 401{111. In the lower stratosphere,
it becomes diflicult to distin guish between bascline eflects and radiat ion which is due to
water vapour. The retrieved bascline often increases sharply to between 4 K and 8 K in this
region. This may be a source of systematic error in the water vapour retrim’al in the lower

stratosphere and is a subject of current investigation.



The Version 3 retrieval algorithin assumes lincarity.  Accordingly, it is less accurate
in regions where the atmosphere is optically thick and the radiative transfer equations are
correspondingly non-lincar. The 183.3 G117 H, O emission hine measured by MLS is relatively
strong and, conscquently, tends to have high opacities throughout the stratosphere: the line
centre becomes optically thick for levels in and helow the upper stratosphere; the wings of
this line become optically thick for levels in and below the lower stratosphere. Furthermore,
no tropospheric retrievals of HyO are possible with the 183 GHz radiometer due to limited
bandwidth. To prevent the retrieval algorithin from operating in regimes that are non-linear,
an ‘opacity criterion’ [Froidevaur ¢t al., 1994] has been devised to discard measurement
information when the estimated optical depth exceeds a value of 1.0.

Investigations on the data quality of Version 3 MLS H,0 provide strong evidence that
retrievals at the 46 hPa level at high latitudes in winter can have a substantial contribution
from the a priori input. Detailed studies indicate that this is due to a combination of the
atmosphere being optically thick and the very low temperatures prevailing in these regions
(especially in winter), which results in estimnated opacities for these cases exceeding the
‘opacity criterion’ and a conscquent loss of information content. In these circumstances
most of the information is contributed {from fields of view with tangent pressures less than

46 hPa.
3. Signals and C losure

In this section we discuss the integrity of the radiances measured by band b of the MLS
183 GHz radiometer. We present a test of cousistency and investigate the extent of closure

of these radiances. We also discuss closure issues for the retrieved H,0 mixing ratios by



mecans of simulated retrievals.

3.1 Radiances

An important aspect of validating the MLS 11,0 retrievals is the examination of the
radiances measured by the instrument. Figure 1 shows calculated limb emission in the
spectral region 182- 187 Gz which includes both spectral sidebands of band b and band 6
(MLS band 6 radiances arc used for retrieving Og, sce Froidevauz et al., 1994). The position
of the local oscillator (1.O) at 184.78 GHz is indicated on the plot. Spectra are shown for
tangent pressures in both the upper and lower stratosphere. Spectral lines of all molecules
which are thought to be important are included in the calculation employing spectral data
from the JPL catalogue [Pickett el al., 1992]. The primary (signal) sideband is dominated by
the 183.3 G1lz 11,0 line whercas the image sideband contains no strong lines, giving a ‘clean’
measurement of 183 G1lz H,0O Iimb emission. There are 15 spectral channels spanning the
510 Mz bandwidth of band 5. For cach chanuel the sideband ratio, describing the relative
response of the primary and image sidebands, has been measured. Details of the bandwidth
and frequencies of thie charimels; of the vertical scan patterns and of the pro cedures for
converting the Level 0 data to calibrated radiances and error cstimates (Level 1 data) are
given in Jarnot et d., [ 1994].On 31 st October 1991, the vertical resolution of the scan
pattern was incrcgscd i the lower stratosphere to iinprove measurements in this region.

Typical examples of measured radiances in band 5 are shown in Figﬁrcs 2 and 3. Vertical
profiles of the I‘a(“a]l(?(‘.S in channels 1 to § arc plotted in IFigure 2. Channel 8 mecasures the
limb emission at the line centre and saturates in the primary sideband at tangent heights

of ~ 50km. Between ~ 50km and ~ 20km, where the primary sideband of channel 8 is




saturated and there is no significant signal in the image sideband, variations in that radiance
reflect variations in the temperature of the atmosphere. For channel 1, on the wing of the
183.3 Gz line, the signal in the primary sideband is not significant until the FOV is scanned
down to tangent heights of ~ 30km. The signal in the image sideband begins to make a
significant. contribution in all channels at ~ 20km. The three panels in Figure 3 display
typical measured spectrainthemesosphiere, 11)] )('1" stratosphere andlower stratosphere. The
width of cach channel is depicted by a horizontal bar and the To measurement uncertainty
1s represented by a vertical bar. The eflect of pressure broadening is clearly seen as the

tangent pressure increascs.

3.2 Internal Consistency

It an 1sothermal atmosyohiere, when a spectral channel is saturated, the radiance in that
channel should represent the black-body emission for the temperature of the atmosphere
and is insensitive to the amounit of atmospheric constituent. One test of consistency of the
measured radiances IS to compare thiem with the retrieved temperatures for a profile which is
ncarly isothermal. I'igure 4 shows the radiances for such a profile, with the temperature also
plotted and scaled by the sideband ratio. The radiances behave gualitatively as expected;
allchranmelsapp caring to saturate within 10 K of abrightness temperature of app roximately
1251<. The center chanmels saturate at a slightly higher temperature because the p rofile is
not quite 1sothermal; thie temperature increases slightly with height. The saturation is less
clear inthe wing channels because the image sideband starts to receive radiation at tangent
lieights where the principal sideband is not saturated.

It is clear, however, that the measured radiances tend to saturate at a brightness tem-



perature between d and 1 0 K higher than the temperature profile would lead one to expect.
Approximately 1 K Of this discrepanicy is due to a systematic bias in the M LS temperature
retrieval(see I'ish bein o al., 1994); anotlier 2 K is the bascline. The rest is possibly due
to mexact knowledge of the sideband ratios. The effect this would have on the Version 3
retrieval is small, hecause radiances close to saturation are not used, while those far from
saturation are nottoosensitivetosideband ratio. 110WCVCV, it is necessary thatweresolve

this discrepancy before a full nonhinear retrieval can be carried out.
3.3 Closure mm Radiances

Another test of aretrieval scheme is the extent to which radiances calculated from the
retrieved product agree with the measured radiances within the expected noise. Discrepan-
cies larger than instrument n oise indi cate a lack of adequate fit to the measured radiances
and indicate some type of systematic error. The source of this error could either be in the
retrieved product or in the forward model which calculated the l‘adianco;. We define the
radiance residual as the measured radiance minus the calculated radiance, and the nature
of the variation of these residuals with respect to height, spectral channel and location is
discussed.

The plots in IMigure b show typical variations of radiance residual with height, for cach of
the 15 channels of band 5, for an cquatorial location on 10th January 1992. The horizontal
bars represent the 1o measurement noise. The plots in Figure 5 relate to a single profile, but
they are representative of the generally observed variation of radiance residual with height.
Figures 6 and 7 show plots of average residuals within latitude bands 10°N- 10°S and 60°N-

SON, respectively, for 10th January 1992. ach of these figures displays the variation of




the average residuals within eight sclected pressure bins ranging from 100 hPa to 0.01 hPa.
Vertical bars represent the standard error on the mean measured radiance for a particular
channel within a particular pressure range and latitude band. In general, this quantity is
small and duc to the vertical scale of the plots in Figures 6 and 7 these vertical bars are
visible in the pressure range 0.032- 0.01 hPa only. The number of imb views which were
inchided in cach of the calculations of the average residual ranges from around 200 for the
pressure range .032- 0.01 hPa to abont 800 for the pressure range 100 31.6 hPa. Within
the two latitude bands mentioned above, similar variations of average residual with spectral
channcel are found, except for channels 7 and 8 in the mesosphere.

The main features of the residuals in igures 5 7, arc as follows. A large ncgative residual
of ~-15K (10 15%) appears in all channels at around 15km (sce Figure 5). At this level
in the atmosphere, the Version 3 MLS 11,0 retrievals provide essentially no measurement,
information and a priori abundances are climatological. I the a priori H,O amount is an
overestimate of the truth at around 15km, then the recalculated radiances will be greater
than the measured radiance which would result in a negative residual. This occurs helow
the lower limit of the useful vertical range for MLS Version 3 H,0 retrievals (see Seetion
§4).

Referring to Figures 6 and 7, certain systematic patterns are evident in the spectral
signature of the residuals. In the Jower stratosphere there appears to be an asymmetry in
the residuals for the wing channels. In the pressure range 31.6- 10hPa chiannels 13, 14 and 15
exhibit negative residuals whercas the residuals in channels 1, 2 and 3 arc positive. Channels
4- 11 have positive residuals of between 2- 4K (1-4 %) in the latitude bin 10°N- 10°S and

smaller positive residuals of 1- 2K (~ 1 %) in the latitude bin 60°N- 80°N. These residual



patterns may be the result of a combination of crrors in paramcters such as the antenna
transmission or the relative response of the primary and image sidebands. In the upper
stratosphere andlower mesosphere (panels for )1°¢ssi11°(¢ ranges 10- 3.16 hP’a, 3.1 6: 1 hP’a and
1- 0.32hPa) there app cars to be an oscillatory behaviour of the residuals across the band.
I 'his signal may be related to errors in the assumed line shape and is under investigation. In
the pressure range 0.32- ().1 hPathe residual pattern differs between the lati tude bins 1 0°N-
10°S and GO°N- 80°N. For this pressure range, channel 9 exhibits alarge positive residual
in both latitude bins, however, channels 7 and 8 switch from having positive residuals in
the range 10° - 10°S to having negative residuals in the 60°N- 80°N range. Residuals for
ascending and descending parts of orbits were looked at scparately to ¢l eck whetler this
cffect was duc to a Doppler shift caused by winds which are not modelled. However, there
wasno significant difference inthe patterns of residuals between ascending and descending
sides of theorbits.

This scction has deseribed the main systematic features which oceur inthe residuals for
MLS Version 3 11,0 retrievals. The possible sources of these features, including — crrors
antenna transmission, assumed line shape, sideband ratios, and the alignment Of the field

of view arc being investigated.

3.4 Closure of retrievals

We now investigate the extent of closure of the MLS Version 3 1,0 retrievals in order
to cstimate the magnitude of ‘numerical errors” arising from the software used {o create the
Version 3 data files. This involves performing a retrieval using simulated radiances which

arc calculated from an assumed H,0 distribution. The retrieved H,0 field is then compared

mn




with the original (true) field. Inthis work, we have empl oyed a smoothied version of the
<

1,0 distribution as retrieved by MLS for 17t September 1992 as the true distribution.
Simulated radiances were produced hased on this field and these radiances, with simulated
noise added, were then used as input to the retrieval. We do not expect perfect closure as
the retrieval is based on assumptions of lincarity and does not fully utilise the set of radiance
measurcements when the atimosphere is deemed to be optically thick. This is particularly
important for limb views with tangent heights in the lower stratosphere.

The zonal mean of the smoothed 1,0 field employed as the true distribution and the
zonal mean of the retrieved 1,0 field are displayed in pancls (a) and (b) of Iigure 8,
respectively. The zonal mean difference between these two fields is plotted in panel (c) of
Figure 8, and the root-mean-square (rms) diflerence is shown in pancl (d). The vertical
range 0f the plots has been limited from 46hPa to 0.2h Pa. Below 46111'a theretrieved
values are climatological and above 0.2 hPathere exist known problems with the retrieval
(scesection§ 6).

The rms diflerence between the true and the retrieved H2O distributions is approximately
0.2 ppmv (2- 5 %) throughout tile stratosphere with the retrieval having the tendency to
overestimate the true distribution in the lower stratosphere. At latitudes greater than 600
(in cither hemisphere), onthe 46 hPa retrieval surface t he rms difference can be targer than
0.6ppmv (~15 %). This is caused by a 10ss of mcasurement information ducto estimates
of large optical thickness in these regions, and this results in the retrieved values having a
substantial contribution from the a priori. Above 1hPa the zonal mean difference remaiuns
at ~ 0.2ppmv (~ 4 %), but the rms difference increases from ~ 0.3 ppmv (~ 5%) at 1hla

to nearly 1ppmv (~ 12%) at 0.2hPa. This is due mainly to an increase in random errors,



such as radiance noise and uncertainty in the retrieved temperature, and to an increase
the step size of the IFOV scan.

In general, the closure of the retrievals is satisfactory throughout the stratosphere, and
the above mentioned features are subjects of current investigation (sce section §6). The
crror analysis presented in section §4 takes account of numerical errors produced by the

retrieval process.
4. Fstimated Uncertaintics

In this section we present the estimated uncertainties for the Version 3 MLS 11,0 re-
tricvals from band b of the 183 GHz radiometer. The estimated uncertaintics are based on
everything known apart from comparisous with other data sets (see section § 5). We al so
include information on the averaging kernels (defined below) and vertical resolution of the
retrievals. IMirstly, a brief review of the method of error characterization is given. This is
followed 1)y adiscussion of the averaging kernels and vertical resolution, and then estimates

of thierandom uncertainties (precision) and systematic uncertal nties are presented.
4.1 Characterization method

A general method for estimating the different con ributions to the total uncertainty in
retrieving an atmospheric constituent profile by any inversion technique is given by Rodgers

[1990)(sce dso Marks and Rodgers, 1993). A brief outline of the method is presented helow.

If the vector x represents the true state of the atmosphere and the vector % is the retrieved

state then the total error in a retriceval is given, to first Order insmall quantitics, by



% -x = [T(%0,8) - %] 1 DK, 4 Dye, -1 (A - D(x - ), (1)

where
% is the reference state of the atimosphere ( for MLS X == %, the a priori state),
b is an estimate of non-retrieved forward model parameters b,
¢ is an cstimate of the inverse model parameters ¢, e.g. a priori data,

the matrix K, , known as the model parameter influence function, is the sensitivity

of the model radiances to the forward model parameter vector b,
¢; 1s the vector of uncertainties in b,
¢, 1s the measured radiance error vector.

The transfer function, 1', relates the retrieved state % to the unk n own true state x by
X = 1'(x,b,c).

The contribution function, 1, is the sensitivity of the retrieval to the measurernents y.
The averaging kernel matrix, A, is defined by

) ax .
A= - = DK,
ax :

where K, is the influence function (also known as the weighting function) matrix of the
atmospheric $tate, i.e. the sensitivity of the model radiarceg Loa("llangcintho state of the
atmosphere.

Iach row of the matrix A represents the vector of weights by whit.1] the true profile

is multiplied to give the clement of the retrieved profile corresponding to that row. For




anideal observing system , A would be the identity matrix 1, but normally the rows of A

will represent peaked functions, with the width of the peak being a incasure of the vertical
resolution of t heretrieval .
An ¢ xpression for the total er ror covariance, Sg, of arctrieval is given, from equation

(), as

m

7= Sp 4 Sy 1 Sg,

where

m
N
K

E I)sz,SbKZVDZ/‘»
Su = D,SD!

Ss = (A- DS (A-T)".

The matrix Sy 1s the contribution to the retrieval error covariance of uncertainties in the
modecl parameters, S, is the error covariance matrix for the forward model parameters. The
matrix Sjas is the contribution of measurement noise to the retrieval error covariance, S is
the measurement crror covariance. The matrix Sg is known as the ‘smoothing’ error. This
can be regarded as the error that comes from the a priori error. The matrix S, represents
the expected covariance of the departures of the true a‘tmos‘])l)or(-, from the a priori profile.

The method outlined in the above paragraphs has been applied to the Version 3 H,0
retrieval from band 5 of MLS {or a typical mid-latitude case. Some important features
of the calculations are mentioned and then a discussion of the results of this formal error
characterization is given.

The influence functions (K matrices) were calculated for a typical mid-latitude atmo-

sphere using the formulation of Read et al., [paper in preparation), and were evaluated at




43 tangent pressures between z = - 3 and z = +4 inclusively, with a separation in z of 1/6,
where 7 1s - logia(p), p being pressure in hPa. These influence functions were then lincarly
interpolated onto a typical MLS scan pattern bhefore the error calculations were performed.
T'he retrieval levels chosen for 1,0 were the same as those employed by the MLS Version 3
retrieval, i.c., 20 levels between z = - 3 and - 3.33 inclusively, with a separation of 1/3.
Typical a priori profile uncertaintics used by the MLS retrieval were used to construct
a purcly diagonal covariance matrix, S,, which therefore assumes that no inter-level corre-
lations are present. The measurement error covariance matrix, S,, was constructed from
typical MLS band 5 radiance cerrors under the assumption that no inter-channcl correlations
arce present. The use of an opacity criterion (see section §2) has also been built into the
calculations. When cstimating the extent of systematic cerrors in 1,0 mixing ratio, for
some systematic effects an equivalent error in radiance was estimated and a corresponding
radiance crror covariance matrix was constructed, i.c. essentially providing an estimate
of K;,SI,KZ'. This error in radiance was then translated into an uncertainty in retrieved
11,0 mixing ratio. For other systematic effeets an estimate of the root-mean-square (rms)

uncertainty in HoO mixing ratio was given ditectly from sensitivity studies.
4.2 Avcraging kernels and vertical resolution

Wenow discuss the MLS 1,0 averaging I ernels. Figure 9 shows the resulting rows of
the averaging kernel matrix for the 1 1,0 retrieval at levels z = 2 to 4 3.33. The numler
printed at the peak of the functions represents the retrieval level, in log 10(p) (pressure in
hiPa), associated with cachaveraging kernel.

In g cneral, b etween z = 1.67 and 42 (46- 0. 01 hPa), the averaging kernels are well-




peaked Tunctions with the peak coinciding with the level of the retrieval. In this region most
of the information in the 11,0 retrieval comes from the measurements and not from the «
priori information. Below z = - 1.67 (46 hD’a), the averaging kernels are not so well peaked
hecause there is little information in the measurements due to the band 5 channels becoming
optically thick in this region. Above z = 42 (0.01 hPa), the averaging kernels become wider
and have smaller peaks due o the decrcasing signal-to-noise ratio with altitude and the
coarser steps of the FOV scan i this region.

As an estimate of the vertical resolution of the MLS Version 3 H, O retrievals, the ‘width’
of cach averaging kernel has been calculated using the Back us- Gilbert definition of spread
[Backus and Gilbert, 1970) and is plotted in Iigure 1 0. This gives the vertical resolution
between 7z = 1.33 and 4 0.67 (21.5 0.2hPa) as ~ 5km and from z = -1 to 4 2.67 (0.1°
O.(mill’a) as~ 6-10km. The vertical resolutionatz = -1.67 (46hPa) is ~ 6 km.

Irom the information given by the averaginig kernels alone, the useful vertical range for
Version 3 H,0 retrievals would bhe 46- (.01 hPPa. However, other eviden ce, namely frequently-
occurring high values at ~ ().1 hPa which scem unrealistic, leads us to believe that the current

useful vertical range is 46- 0.2 hPa for Version 3 data.

4.3 Estimated Precision

We present three methods used to estimate the precision of the HoO retrievals.

Mecthod 1

This estimate of the precision is based on the formal analysis discussed above. The pre-

cision estimate is given by the root-sum-square of the random contributions to the retrieved




H,0 uncertainty which includes the measurement noise, the random errors in retrieved

temperature and tangent pressure and uncertainties in other state vector parameters which
aflect the 11,0 retrieval. Figure 11 shows a plot of the dominant random crrors together
with the root-sum-square (rss) of the random crrors. In the lower stratosphere the random
crror is dominated by the uncertainty in the retrieved tangent pressure. However, the un-
certainties in retrieved tangent pressure that are incorporated into the formal crror analysis
include some systematic eflcets [Fishbein et al., 1994). Therefore, this method may lead to
an overly pessimistic estimate of precision especially in the Jower stratosphere. A compar-
ison of this precision estimate with the precision estimates provided by methods 2 and 3

below 1s shown in Figure 12.
Method 2

This method involves caleulating the variability of retrieved profiles near the orbit turn-
ing points (ncar 80°N or 80°S) in the summer hemisphere. 1t is at these latitudes that the
densest sampling occurs and the summer hemisphere is chosen to minimise any effects from
atmospheric variability. The line labelled (2) in Figure 12 shows the rins difference between
pairs of profiles near the turning points. These profile pairs are less than 2 hours apart in
time and are separated by less than 150km. The time period used was 194 July 1992 to

8l August 1992 which gave 241 pairs of profiles near to 80°N.
Method 3

This method involves calculating the variability of retrieved profiles in the tropics where

the atmospheric variability is usually small. The line labelled (3) in Figure 12 shows this




estimate of precision. I is a result of calculatinig the standard deviation of retrieve d profiles
inthe latitude range 5°N-5°S for cachone of 442 days andaveraging the stand ard deviations
over these days.

Comparing the precision estimates shown i Figure 12 arising from the three nicthods
described above, we can see that methods 2 and 3 give very similar results, Method 1
gives a POOrer cstimated precision in the lower stratosphere and this may be related to
the presence of  systematic compornients in the retrieved tangent pressu re uncertainty as
mentioned above.  An estimate of the precision for the useful vertical range of the Ho0O
retrievals is given in Section § 7. Note that the 11,0 uncertainties given inthe M 1,S Version
3 data files are somewh at greater than the estimates produced by the above methods. This
is mainly because the MLLS Version 3 uncertaintics contain a contribution from the aprior
crror. T'lis effect is strongest inthie lows stratosphere. The MLS Version 3 errors also
containa systematic component which accounts for kniown diflerences between linear and

nonlincar retrievals.

4.4 Fstimaled systematic uncertainties

In addition to random uncertainties, it is necessary to consider systematic uncertainties.
IYigurce 13 shows the dominant systematic uncertainties along with the root-sum-square of all
the systematic uncertainties considered. Below, we briefly discuss the various error sour ces
which were considered in this analysis. IMrstly we will discuss the sources of the dominant
systematic uncertainties (see Figure 13).

tangent pressure: Sincetheretrieved mixing ratios arc based 011 radiances at the

retrn eved tangent pressure then errors in tangent pressure can produce errors in mixing



ratio. Sensitivity tests were performed assuming a system atic error in tangent pressure of
about 6 % [sce Iishbein ¢t al., 1994]. Themain source of this systematic error is from
possible errors in the Oy spectroscopic data hase. We cansee from Iigure 13 that these
crrors tend to dominate the systematic error hetween 2hPa and 0.2hPa.

temperature: Errors in temperature can lead to errors inmixing ratio. Sensitivity
tests were performed taking biases intemperature tobe 2 K for latitudes cquatorward of 60
degrees and H K for latitudes polewar d of 60 degrees. These biases are consistent with ob-
served average diflerences bet ween M 1,S and N M (5 temperatures [see Fishbein el al., 1994).
Tangent pressure was retrieved while the temperature biases were imposed. The resulting
changes in H20 mixing ratio w er e then analysed. ]llid-latitudes the systematic uncer-
tainty in mixing ratio is generally about 1- 2% for a 2 K systematic error in temperature.

retrieval numerics: this refers to the differences between the mixing ratio profiles used
to create simulated noise-free radiances, and the subsequent retrieved profiles based on these
radiances using theinversion algorithm. At ().1 hPa (outside theuscful vertical range) this
uncertainty is ~ 27 % which may account for he unrealistically high mixing ratios which
can sometimes occur at this pressure level.

radiance scaling: three sources of scaling errors in calibrated radiances are radiometric
calibration, sideband ratio errors and spectroscopic errors inlinestrength. Thie first two
error sources arc discussed by Jarn ot ¢f al.  [1994]. 1 3ased on this reference, we use a
systematic uncertainty of 0.6 % for the radiometric calibration of the 183 Gllz radiometer
which corresponds to about one-third of the worst-case crror expected. Thisun certainty is
duc mainly to uncert ainties in the pr e- laun ch characterisation of losses through the ML S

antenna and swit ching mirror. A covariance matrix of radiance errors fromthis sourer was



constructed which assumes the errors are fully correlated across the band and with height.
Iorrors in the sideband ratios can lead to possible errors insingle sideband radiance of ~
2 % for the 183 G112 120 band [see Jarnot ¢t al., 1994] . These errors should be correlated
in some way ac ross t he barid but due to lack of knowledge of such correlations a covariance
matrix of radiance errors was const ructed which assumes no corrclation is present. This
gives a conservative estimate of the resulting uncertainty. Ior a systematic error in line
strength we have assumed a value of 1 % based on Pickell et al. [1992) which is probably
a conscrvative estimate of the line strength error. Again, a covariance matrix of radiance
crrors duc to this source was constructed which assumes that the errors are fully cor clated
across the band and with height. The resulting uncertaintics in 1 20 due  to these three
sources were combined by taking the root-sum-square uncertainty.

Field of view (FOV) direction: errors in the FOV direction are related to possible
crrors in misalignment of the 183 Gllz radiometer FOV with respect to the 63 Glz FOV.
Post Jaunch calibration data from scans of the moon indicate a need for an alignment ad-
justment of the 183 GHz radiometer FOV from the pre-launch data (sce Jarnot ct al., 1994).
The MLS Version 3 data used a misalignment value of 0.006 degrees which is somewhat less
than the result of the studies based onymoon-views of ().()11 degrees. We have assumed an
uncertainty of 0.007 degrees in FOV direction (this is the uncertainty assumed in the MLS
Version 3 data) and mapped this uncertai nty into 1,0 mixing ratio.

The following sources of systematic crror were also considered but the resulting un-
certainties in mixing ratio are gencrally not as significant as those which arise from the
above- mentioned sources. The uncertainties in mixing ratio from the sources below are not

plotted but have been included in the estimate of the root-sum-square syst ecmaticuncer-




tainty shown n Figure 13.

spectroscopy: crrors in spectroscopic parameters can give rise to errors in retrieved
mixing ratio. Line positions are known extremely accurately at microwave wavelengths
and thercfore do not represent a significant error source. Uncertainties in line strength
have been included in the radiance scaling uncertainty mentioned above. Possible errors in
linewidth were treated by assuming an uncertainty of 1.8 % in the broadening function and
an uncertainty of 4% in the temperature exponent. These uncertainties were estimated by
combining information from Bauer ¢t al., [1989] and Goyctte and De Lucia, [1990]. We also
include arclated uncertainty fromimperfect knowledge of the Doppler shift of the emitted
radiation, produced by line of sight velocity eflects. Atmospheric windalong theline of sight
will bethe dominant source of error since both the spacecraft and carth velocity components
arc rcasonably well known. Anuncertainty of 70 m/sinline of sight velocit y was assumed.
The root-sum-square uncertainty in 1,0 mixing ratio duc to these three error sources is
generally less than 2 %, although an uncertainty of 4 % is produced at 0.46 hI’a which is due
to the uncertainty in line of sight velocity.

dry air continuum: the dry air continuuin is a semi-ernpirical contribution which is de-
rived from radianice data from the 205 GHzradiometer [see Read et al., paper in preparation).
Possible errors produced by imperfect knowledge of the dry air continuum are estimated by
assuming that no dry air continuum is present in the forward mode], and comparing the
subsequent retrieved 11,0 mixing ratios with a standard retrieval. This is a ‘worst case’
scenario. The rims error in mixing ratio is estimated by dividing the worst case error by
3. This error source is only significant in the lower stratosphere where an uncertainty of ~

1.6 % occurs at 46 hPa and an uncertainty somewhat less than % occurs at 22 hPa.



FOV shape and position: 'OV shape and position crrors of the 183 GHz radiometer
have been transformed into errors in radiance [Jarnot, personal communication, 1994). A
lo crror of’ 0.5 K is assumed and a covari ance matrix of radiance error due to this source
was constructed assuming these errors {o be fully correlated across the band. The resulting
uncertainty in ;O mixing ratio is generally less than 1 %.

filter shape: caclifrequency channel across the 11,0 band of the 183 GHzradiometer
has an associated filter shape and position. Filter position errors are negligible but errors
infilter shape could give rise t 0 worst case er1 ors in calibrated radiance of ~ 0.5% [Jarnot,
person al communication, 1994]. A covariance matrix of radiance error duc to this source
was const ructed with no corrclations between channels. The resulting uncertainty in 11,0
mixing ratio is negligible compared to the other systematic uncertainties mentioned above.

Finally, we give an estimate of the total uncertainty in M1, S 11,0 derived from the
estimated uncertainties, bothrandomand systematic, mentioned above. We also include
the smoothing error [Marks and Rodgers, 1993 which represents the contribution of the a
priori crrors to the retrieved uncertainty. Iigure 14 shows the estimated precision (from
method 3 above), the root-sum-square (rss) systematic uncertainty and the smoothing error
along with the root-sum-square of these three uncertaintics. Insection § 7 we give asummary
table of the estimated precision (from method 3 above) and accuracy (rss error in Figure

14) for the uscful vertical range of MLS Version 31120 data.

5. Comparison of MLS and corrclative measurements

We now compare MLS 11,0 data with measurements from four other observing systems.

Two of these, a frost-point hygrometer and an infrared spectrometer are balloon-mounted.



The other two are a ground-based microwave spectrometer and a satellite-borne instrument

which measures infrared absorption during solar occultations.
5.1 Frost point hygrometer data.

This instrument has an altitude range from the ground to ~ 28 km with a vertical res-
olution of 250 m. The accuracy of these measurements is 10 %; their precision is 1 0 % in
thestratosphere [112]) s, person (11 communicalions, 19921 . The measurcment sites which
frave’have been used in this MLS-correlative comparison are: Boulder (40.0°N, 105.00\V),”
Iilo, Hawaii (19.7°N, 204.9°F), and Lauder, New Zealand (45.00s, 109.4°15). Data were also
taken during the Central Fquatorial Pacific 'xperiment (C EPEX) at approximately (2.0°N,
I57.5°W).

We have used the 12 balloon profiles distributed over these sites, for which there was
coincident MLS water vapour data. |“igurel5 shows a typical profile, taken in this case
at llilo. Some of the closest MLS profiles are shown for comparison.  The two data sets
overlap over a restricted height range; the balloon data and the ML S data can be usefully
compared at the 22 and 46 hPalevels. We tH(>1('fore calculated the diflerences between each
balloon profile and the nearest MLS profile at these levels. At 46 hPa, the mean difference
(MLS- balloon), taken over these 12 comparisons, is 0.2 ppmv, while the root m can square
difference is 0.5 p pmv. At 22hPa, the mean difference is 0.1 ppmnv and the rins difference
is 0.4ppmv, the average being taken over the 6 balloon flights which reached a suflicient
altitude for a comparison to be made at this level. We conclude that the systematic bias
between the two data sets is smaller than 0.2 ppmv and that the random differences are

within the quoted uncertaintics. We note that none of the profiles used are at a latitude




polewardof 45°.

5.2 Ground-bascd microwave data.

This instrument is a ground-based water vapour milli meter wave spectrometer. Al
measurcements used in this comparison have a vertical range between 30 and 80 kin. The total
absolut ¢ error of these meas urements is ~ 10 % over the height range 40- 70 ki [Nedolulia
al., 1995]. This technique has a vertical resolution of ~ 15 km. This is considerably coarser
t hantheresolution of MILS, so for a better comparison it would be desirable to smooth
the MLS data using the averaging kernels o f the ground-based instrument. We have not
done thisso it shiould be borne inmind that ML S may detect features inthe atmosph cre
whichthe ground-based instrument cannot resolve. The measurement site is Table Mountain
Observatory (1M 0), situated at 34.4°N,243.0°F, the data is a daily average and is provided
with a pressure grid, the conversion from height to pressure having been performed using
temperature and p ressure fields from the National Meteorological Center (NM C) and the
Middle Atmosphere Program (MAY) model [Hedin, 1991].

h41,S Version 3 dataare compared with Version 2 of the ground-based data in Figure 16,
where we plot both the mean difference (MLS — gropnd-based) and the rms diflerence. Data
used inthe comparison are from the period of 23rd January 1992 to 13th October 1992; this
period provided a total of 186 days on whit.]1 both MLS and ground-based mcasurements
were avatlable. The rms differen ce is not much greater than the mean difference, suggesting
that much of the differen ce between the two data sets is systematic. The ground-hased data
is less accurate at lower altit udes; some of the difference at 2.2hPa and perhaps 1.0hPa

may be attributed to this. The MLS Version 3 values at 0.46 and 0.22hPa are probably too



large by about 1 ppmv. The MLS Version 3 valuc at ().1 1ll)a is often as great as10 ppmv.
This is thought to be an artifact of the retrieval which we hope to remove in subsequent
versions of {1 ¢ processing software. It js for this rcason that we recommend that data from

0.1 hPaand above should not be used for scientific purposes.
5.3 FIRS-2 data.

This instrument is an i]lfra-reel cmission IFourier transform spectrometer carried by a
balloon [Johnson ¢l al. 1994). Its vertical range is approximately 100- 31 Pa, with a sam-
pling interval of approximately 4 km, conveniently filling in the gap between the frost -point
hygrometer and ground-based microwave data scts. 1t made three flights during the period
whenthe 183 Gz radiometer of MLS was operational, at times and places ¢tosen to com -
cide withUARS lillll)-view’i llglllic:as~l lcl~Irlits. FFigure 17 shows a FIRS-2 profile and an MILS
profile. As with the frost-point hygrometer data, the profiles agree well in the lower strato-
sphere. Furthermore, the MLS profile becomes greater than the IFIRS-2 profile as height
increases, suggesting that the difference between the ground-based microwave data and M1.S
data is largely because MLS data arc too high, rather thanhecause the ground-bhased values
arc too low. These features arcrepeatedinthe other two 111{S-2 flights.

The MLS Version 3 software cannot retrieve water vapour at1 ()() hPa. The values
it produces are almost entirely clim atological, butit is worth remarking that they are
always too high when compared with correlative data. 1t will be possible, by using a
nonlincar retrieval, to measure water vapour at this level; the comparison with correlative
data suggests thatarcvised climatology is desirable before this is attempted. It is planned

that future versions of the software will usca climatology whichincorporates the SAGI1]




data st [Rind ct al. 1993 ].

5.4 NalogenOccultation Experiment (1A LOE) data

In this scction we present a comparison of MILS Version 3 H,0 data with Version 17
H,0 data from the I ALOYX instrument which is also onboard UARS. The Halogen Occul-
tation Fxperiment (HALOE) isa limb sounding instrument which measures atmospheric
absorption of solar infrared radiation during sunrise and sunset events. The characteristics
of the UARS orbit and the solar occultation combine to p roduce a coverage pattern giving
15 sunrise profiles at one particular latitude and 15 sunset profiles at a different latitude
011 cach day! These profiles arc spaced ~ 24° apart in Jongitude w ith the latitude cover-
age changing throughout the ycar [Russell at al., 1993). HALOY is capablcin clear air of
mecasuring profiles from ~ 0.01 hPato cloud top, i.e. the tropopausc or lower. The overall
accuracy of the ITALOE Version 17 11,0 profil es is estimated to be 20- 25 % in the lower
stratosphere, 10 15 % in the upper stratosphere and 15- 20 % in the lower mesosphere. The
vertical resolution of the 1T AL OF profiles is ~ 2 km.

The differing coverage patierns of the MLS and HALOF instruments limit the latitudinal
range and temporal extent of the comparison. During periods wheri the coverage patterns
overlap, MLS data is used to build arepresentation of the way in which HAL OF samples the
atmosphere. These periods are normally around 20 days in duration. For cach day within
one of these periods, the average latitude of thell ALOE profiles was calculated. Then,
for the ascending and descending orbit modes of MLS, the profiles enveloping this average
HALOY latitude were found. Th e corresponiding Ml, S profile, for cach orbit, at the average

HALOE latitude was then obtained by lincar interpolation.  The zonal mean diflerence



between the MLS profiles and the HALOI profiles (MLS- HALOR) was then calculated for
acliday of the comparison.
Figure 18 shows acontour plot of this zonalmean difference for the period 2160 January
993 to 8th February 1993, The latitudinal coverage for this comparison period is from
30°N at the beginming of the period to 50°S at the end of the period. The zonal mean
diflerence is expressed in units of ppmv. The comparison in Figure 18 uses MLS data from
ascending, orbit tracks only, however, similar features are produced when using data from
(l(‘S(T(fI'I(lillg)' orbit tracks. The results of this particular comparison are typical of those from
other periods which have heen studied.
In general, the zonal mean differences do not show any strong variation with latitude.
In the lower stratosphiere MLS and HALOY 11,0 values differ by less than 0.5 ppmv (10 %)
with MLS values tending to be larger than HALOLE values. At 46hPa the MLS values can
be slightly less than those of HALOL. These diflerences are comparable with the 1,0 error
estimate produced by the MLS retrieval algorithms for this region of the atmosphere. In
the upper stratosphiere and lower mesosphere MLS H,C values are consistently higher than
the HALOE valuesby 1.0- 1.5 ppmv (1020 %). These diflerences tend to be greater than
the MLS error cstimate and are also consistent with comparisons with other correlative
measurcments presented carlier in this section. At (). 11)])a the MLS H,Ovaluescanbeas
mwch as 3ppmv (30 %) larger than the 1AL OF values. At this pressurce level the MLS

Version 3 11,0 values arc considered tobe unphysically large (sce section § 6).
6. ‘Jrepics Tor I'mture Work

While the Version 3 water vapour is a useful quantity there are some problems associated




with t and improvements which can be made. Recent rescarch [Liche of al., 1992) has shown
that the oxygen lines used to retrieve temperature and pressure have a slightly smaller
linewidth  1an was assumed in the Version 3 software. Tests show that using the corrected
linewidths gives somewhat lower values for water vapour in the stratosphere. The decrcase
is less than 0.2 ppmv in the lower stratosphere, and is typically 0.3- 0.5 ppmyv in the uppar
stratosphere and tends, thercfore, to bring the MLS water vapour into better agreement
with the correlat ve measurements.  Also, using the new oxygen Linewidths gives rise to
smaller diserepancics between measured and caleulated radiances.

A scrious problem is the loss of information which occurs at 46 and 22hPa in the winter
al polar latitudes. The information is lost hecause the Version 3 software does not use
radiances which come from ray paths which are judged o be optically thick. These radiances
are related nonlinearly to the water vapour content so a nonlincar retrieval process would be
required to make full use of them. Tests have suggested that the criterion used in Version
3 is -ather stricter than necessary and that using a few more radiances than are used at
present would make the retrieval better rather than worse. This cannot be implemented
immediately secause it causes other problems, particularly with the baschne.

The same tests suggest that a similar sroblem is at least partly responsible for the notch

at 0.1 hPa. The center channel, channel 8, becomes optically thick and is not used at this

-

level while channels 7 and 9 only have suflicient signal to retrieve water vapour below this

level.
With these changes, a future lincar retrieval should be an improvement on the current
version. However, to extract full information from the measurements will require a non-lincar

retricval. Initial tests show that it is possible to retrieve water vapour at 100hPa by this




technique. s also possible [Read ¢f al. 1994] to retrieve upper tropospheric water vapour

rom MLS band 3 (at 2006 Gl1z) , normally used for stratospheric chlorine monoxide. We
lan to include this information along with that from the 183 Gllz radiometer into a single
ctrieval process, producing a measurement of water vapour from the upper troposphere to
the mesosphere,

In addition to these major changes, there are some minor artefacts inthe data which
we plan to climinate. There are occasional profiles for which the retrievalhasclearly failed,
but which are not flagged as being bad. One known cause occurs during the generation of
calibrated radiances (Level 1data) and will be climinated in future versions of the software.
Another artefact occursinthe data at 221117 a which show a small systematic dependence
D11 the UARS yaw cycle. This effect is not fully understood at present, but is clearly an
artefact whichneeds to beremoved. Al 1 importantimprovement will be the use of a revised
clhmatology; the current version ‘is supplying unsuitable @ priort values at 100hPa. Finally,
tracer transport studies [Manncyctal., 1994 sugecst that MLS water vapour in the upper
st ratosphere dots not behave like a passive tracer. We aim Lo establish whether this is an

artefact of the retrim’al or the tracer transport code, or whether it is a real physical eflect.
7. Estimated Accuracy and Precision of MLS Version 3 Data

MLS Version 3 H,0 retrievals give rcasonable values inthe stratosphere, but consistently
overestimate other correlative measurements. The current range of usefu sensitivity (as
mecasured by the data quality seescction§ 4) is between 46 hPaand ().() 11I'a although
lower mesospheric retrievals apyocar suspect at present due to a ‘1rwoteh’” arc und~ (). 1 hPa

(sce section §6). Retrievals at 46 hPa in the polar winter can have poor data quality (sce



scction § 2). Therefore, the recommended pressurerange for scientific studies using MLS
11,0 isfrom22hPato ().2111'a for al latitudes, and from 46111'a to 0.2 hP’a at the tropics
and mid-latitudes.

Comparison with other 11,0 measurements suggests that MLS 11,0 values are too high
by ~ 5% at 46hPa and at 22hPa and by 15 20% in the range 1hPa to 0.22hPa.

The characteristics of MLS 11,0 183 Gz measuremenits retrieve d using Version 3 of the
software are sammarised in Table 1. The precision estimates in Table Imay be slightly
pessimistic as they are based on the observed variability of retrieved profiles in the tropics
and may contain effect s of atmospheric variability. The estimates of accuracy in Table 1
contain the effects of systematic uncertaintics, the contribution of the a priori error to the
retricved uncertainty and the above-mentioned precision estimates. 111 the pressureral’ge
1 hPato ().221]1'a, theestimated accuracy in'Table 1 doesnot fully account, for the diflerences
found in the comparisons with correlative data. This suggests that some systematic eflects

may not be accounted for in the error analysis of scction§ 4.
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Figure Captions

Iig. 1: Calculated imb emission in the spectral region 182- 187 G112 which includes hoth
spectral sidebands of MI'S band 5 (vertical dashed lines) and band (i (vertical dotted lines).
The position of the 183 Gllz radiometer local oscillator (1,()) at184.78 Gllz is indicated.
Spectra for tangent pressures of 46 hPPa and 4.(; h’a are plotted.

Iig. 2: MLS band 5 (183 Gllz 1H,0) limb radiance profiles for channels 1- 8 for a tropical

5
N

profile (4.25°N, 334.99°1) on 1041 January 1992.

Fig. 3: MLS band 5 (183 GHz 11,0) radiance spectra for atropical profile (4.25 °N, 334 .99°19)
011 1 Ot January 1992 at three tan gent pressures: 0.11 hPa (Lop panel), 3.7hPa (middle

panel) and 50111’ @ (bottom pancl).

Iig. 4: radiant.cs from channels 1to 8 for a MLS scan at latitude 56.05°N, longitude
255.13°1 on 1 0ty January 1992. Also shown, by the thick line, is the MLS temperature
profile, scaled by the 0.58 sideband ratio. Notethat the baseline is about 2 1<; the radiances

tend to this value as height increases.

I1g. 5: MLS band 5 radiance residual profiles for channels 1-15 for 10th January 1992 at

(4.25°N, 334.9 9°K). The horizontal bars represent the 1o measurcment noise.,

Fig. 6: MLS band 5 average radiance residual spectra for 10th January 1992 within latitude
hand T0°N-10°S. The pressure range is displayed above cach panel. Vertical bars represent
the standard error on the mean measured radiance. The number of himb views included

in the calculation of the average radiance residual ranges from around 200 in the pressure




range 0.032-0.01hPa to around 800 in the pressure range 100- 31.6 hPa.

¥

Fig. 7: MLS Hand 5 average radiance residual spectra for 104h January 1992 within latitude
hand GO°N- 80°N. The pressure range is displayed above cach panel. Vertical bars represent
the standard crror on the mean measured radiance. The number of limb views included

in the caleulation of the average radiance residual ranges from around 200 in the pressure

range 0.032- 0.01 hPa to around 800 in the pressure range 100 31.6 h%a.

Fig 8 (a zonal mcan of smoothed 50 field used to represent the true distribution
2
tests of retrieval closure, units are ppmv (field taken fron MLS Version 3 11,0 retricval for
Y
1'th September 992) (b)) zonal mean of retrieved 115( using simulated radiances hased

on the true distribution, units arc ppinv. (c) zonal mean difference (retrieval  truth) 11,0,

units are ppmv. (d) rms difference between etrieval and truth, units are ppmv

Fig. 9: Averaging kernels for M .S Version 3 H,0 retrievals.

Fig. 10: Vertical resolution of M .S Version 3 11,0 retrievals.

Fig. : Estimated random errors associated with the retrieval of M1S 11,0. The units are

ppmv Line (1) is an estimate of precision given by method o section §4.

Fig. 12: Precision estimates for MLS Version 3 11,0. Mcthod 1: from formal error analysis,
method 20 variability of retrieved profiles near to the orbit turning points i the summer

hemisphere, method 3: variability of retrieved profiles in the tropics. The units are ppmv.

Fig 13: Estimated systematic uncertainties associated with the retrieval of M1.S H,0




Iig. 14: Fstimated uncertainties associated with the retrieval of MLS H, 0. rss error: root-
sum-square of precision, systematic error and smoothing crror, precision (3): estimate of
precision using method 3 (sce text), rss systematic error: root-sum-square of estimated

systematic errors, smoothing error: contribution of the a priori errors.

Fig. 15: A typical water vapour profile micasured by a balloon mounted frost point hy -
grometer (solid line). The balloon was launchied from asite in Hawaitat latitude 19.4°N,
longitude 155°W, on 24 March 1991. Several MLS profiles {for nearby locations are shown
by dashed and dot-dash hnes, their error bars are shown by dotted hnes. The balloon profile

is withintheMLSerrorsat 46 and 22 h1’a.

IYig. 16: Comparison of MLS Version 3 water vapour withthe Version 2 data from the

ground-based microwave instrument. 1 )ataare from the period of 923rd January19921t013th /
October1992; a total of 186 days for which hoth MLS and ground-bas ed measurements were

avail able. The left hand plot shows mean profiles; the solid line is MLS data, the dashed

line ground-hased. The right hand plot shows the mean difference, MLS - ground-based

(solid) and the rmsdifference (dashed).

Iig. 17 : Water vapour profiles measured by MLS (solid line) compared with FIRS 11

(squarcs) (mq ‘;;9 September 19920 The MLS profile is at latitude 37.5 °N,longitude 103.2

°W, the FIRS 1 profile is at latitude 36.9 °N, longitude 100.4 °W.

Iig. 18: Zonal mean difference (M LS -- IIALOLE) between M LS Version 311,0 and HALOE
Version 17 1,0 for the period 21st January 1993 to 8th Iebruary 1993. The numbers along

the top of the plot are the UARS day numnbers for which cach zonal mean diflerence profile



was calculated. This comparison period begins on UARS day 498 (2 s January 1993) where
the la tude of coincident MLS and HALOL measurements is ~ 30°N and the Heriod ends
on JARS day 516 (8 .1 February 993) where the coincident latitude is 50°S The MLS data
used 1s from ascending orbit traccs only. The zonal mean differences are expressed in units

of ppmv.
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Table 1: MLSTL0 data summary. (1 ) 'T'he estimated precisionsare hasedon
the observed variability of retrievalsin the tropics (sce Method 3 of Fstimat ed
Precision in section § 4). (2) The estimat ed accuracies are basedonthe (11017




